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ABSTRACT
This paper presents a laboratory test facility for a solar powered ground source heat pump (GSHP) system. A
comprehensive data acquisition system for performance monitoring is introduced as well. The preliminary data
collection includes temperatures for water and air loops, solar heat radiation flux, solar panel output power, and power
consumptions of GSHP. In addition, the feasibility of the system is discussed in the paper. The feasibility analysis
includes the utilization of the solar system, energy balance of the geothermal system and performance of the heat
pump. The analysis is based on a 29-day performance test in the cooling mode. The analysis results show that the
performance of this solar powered geothermal heat pump system was acceptable during the test.

1. INTRODUCTION
According to the recent research (Berardi, 2015), from 2007 to 2035, the global demand for oil will increase by 30%,
while the demand for coal and natural gas will increase by 50%. Those data are telling us that the energy-related
carbon emissions will increase significantly if there are no radical changes of the energy structure. Meanwhile, the
U.S. consumed 17% of the energy in the world, and buildings consumed 40% of the energy and represented 40% of
the carbon emissions in the U.S. (DOE, 2012). This is more than any other sector of the U.S. economy, including
transportation and industry. About 24% of all energy used in the nation was for space heating, cooling and water
heating in buildings (DOE, 2012). Improving energy efficiency and reducing energy consumption in buildings is one
of the most important priorities during the design and operation stages of buildings.
Enhancing building efficiency is one of the simplest, most immediate and most cost-effective ways to reduce the
carbon emissions. If an efficient Heating, Ventilation and Air-Conditioning (HVAC) system is combined with the
renewable energy source, the goal of net-zero building could be achieved. Theoretically, the goal of net-zero energy
building (NZEB) is to reduce the energy consumption (and demand) through efficient designs and operations, and
utilize the renewable energy as a major energy source. In a NZEB, the conventional energy source plays a backup role
in the building. Therefore, the key points of the goal of NZEB include: 1) a high efficient building envelope and
HVAC system and 2) a renewable energy source.
As one of the most efficient system in the market, the Ground Source Heat Pump (GSHP) is considered as one of the
best solutions for the building HVAC system for a wide variety of geology conditions. The GSHP utilizes the relatively
constant temperature of the ground, ground water, and surface water, and it is about 45% more efficient than
conventional heat pumps (ENERGY STAR, 2015).
Generally speaking, renewable energy is defined as a kind of energy can be replenished with the passage of time.
Solar energy is one type of renewable energy and is considered as an unlimited and an environment friendly energy
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source, which has been widely used for solar thermal and solar power applications. Currently, the primary source of
electricity is petroleum and coal, which leads a huge amount of carbon emission. Meanwhile, energy arrived at the
earth from the sunlight in one hour is more than energy consumed by human beings through one year (Lewis, 2007).
If renewable energy can be utilized in the buildings for the energy (e.g., electricity) source, then, there will be a great
reduction of carbon emissions due to less electricity generation needed.
This paper presents the design and the setup of a solar powered GSHP system with a full data acquisition system in a
laboratory. Some preliminary data is being collected in the cooling mode and will be presented, followed by the
feasibility analysis of the system performance using such data and future work.

2. SYSTEM DESCRIPTIONS
In this test rig, a ¾-ton water-to-air GSHP is connected to two 60-feet deep wells (as shown in Figure 1). A group of
solar PV panels of 1.12 kW (Note: 16 panels were installed about 20 years ago and 4 panels are new) is connected to
two 800 Ah battery banks, which are used to power the GSHP system and a 0.27 kW DC powered well pump. During
the daytime, solar PV panels convert solar photons into electrical energy, which will be stored into the battery bank.
Whenever the system is on demand, the battery banks will provide the electricity power. Figure 1 shows the design
and setup of this GSHP system. Figure 2 shows the design schematics of a water-to-air GSHP system used in this
study. Due to the low pH of the groundwater while the water quality at this site is good, a heat exchanger was
introduced between the heat pump condenser and the ground water loop. Figure 3 depicts the GSHP with accessories
including a circulation water pump, various sensors, a heat exchanger, etc. Table 1 lists the major sensors deployed in
this test rig.

Figure 1. Design and setup of the solar powered GSHP system.
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Figure 2. Schematic design of the water-to-air GSHP System (cooling mode).

Figure 3. The setup of GSHP in the lab.
Table 1. Major Sensors Deployed in The Test Rig
Position
Sensor*
Ground Water Inlet (from the well)
Temperature Sensor 1
Ground Water Outlet (to the well)
Temperature Sensor 2
Circulate Water Inlet (to the GSHP)
Temperature Sensor 3
Circulate Water Outlet (from the GSHP)
Temperature Sensor 4
Air Intake (to the GSHP)
Temperature Sensor 5
Air Outlet (from the GSHP)
Temperature Sensor 6
Power Sensor (GSHP)
Power Transducer
Solar Panel Input Voltage
Voltage Divider
Solar Panel Input Current
Current Shunt
Circulation Loop (closed water loop)
Flow Meter
*The temperature sensor is a T-type thermocouple.
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For the setup of the solar panels, although the solar panel exposes to the sun for a relatively longer time in the summer
than that in the winter, there is not much difference on the electricity demand generated by the solar panel between
the summer and the winter. To balance the solar energy collection, the angle of the solar panel is fixed at 30˚.
In addition, as mentioned before, a comprehensive performance monitoring and data acquisition system was installed.
The data acquisition is combined with a chassis system which has 5 hybrid slots, 3 PXI Express slots (up to 250MB/s
per-slot bandwidth and 1.75 GB/s system bandwidth) and two input modules. The thermocouple input module has 32channel, 8 built-in cold junction compensation channels and 0.3 ˚C accuracy. The voltage module has 16 analog inputs,
two analog outputs, 16-bit resolution and a range of +10V. The sampling rate is once per second for both temperature
and power generation. In order to match the sampling rate of the weather station (once per two minutes), the average
of the solar radiation flux over two minutes will be used for our analysis.
By using the data acquisition system, well ground water temperatures, refrigerant temperatures, air temperatures, solar
power generation, etc. are all real-time monitored, trended and stored in a database. In addition, an on-site weather
station is installed to measure outside air temperature, relative humidity, wind speed and direction, and solar radiation
intensity (note: total global horizontal solar flux only). Figure 4 shows the data acquisition system and Figure 5 shows
the on-site weather station.

Figure 4. Data acquisition system

Figure 5. On-site weather station
To analyze the system performance, three data analysis were conducted: 1) solar energy collection/power generation,
2) geothermal energy balance and 3) heat pump energy balance.

4th International High Performance Buildings Conference at Purdue, July 11-14, 2016

3652, Page 5
3. SYSTEM PERFORMANCE ANALYSIS
3.1 Solar Energy Collection/Power Generation
On the supply side, solar panels will only be able to generate the electric energy during the daytime, which means the
battery bank needs to store enough energy for the potential usage after the sunset and bad weather such as rainy days.
The way to monitor the solar energy collection/power generation in this study is to measure the power voltage
generated by the solar panels and current flow between the solar panels and the battery bank. Based on the measured
voltage and current, the power generation can be calculated based on the following equation:

P V I

(1)

where
P is the power generation from the solar panels (W),
V is the voltage of the solar panels (V),
I is the current flow between the solar panels and the battery bank (A).
Some of solar panels that are connected to the heat pump were installed about 20 years ago, therefore, it is expected
that there are some performance degradations. In addition, the solar angle changes through the years. This will cause
the fluctuation of electricity energy generation from the solar panels. The following assumptions are used to simplify
the calculation:
1) solar energy collection/power generation can be maintained at the peak,
2) the variations of weather impact are neglected,
3) the batteries can continuously store energy from the solar panels,
4) although the manufacture specifies the efficiency of the inverter is up to 93%, an 85% efficiency will be
taken during the calculation, and
5) the discharge capacity is at a 70% level of the total capacity of the batteries.
For the charge and discharge time, the following equations are used respectively:

tch arg e 

Cbattery  Vbattery
Pch arg e

(2)

where
tcharge is the time to charge the battery (hr),
Cbattery is the capacity of the batteries (Ah),
Vbattery is the battery voltage (V),
Pcharge is the charge rate (W).

tdisch arg e 

Cdisch arg e   Vbattery
Pdisch arg e

(3)

where
tdischarge is the time to discharge the battery (hr),
Cdischarge is the discharge capacity of the battery (Ah),
η is the inverter efficiency,
Pdischarge is the discharge rate (W).
In general, the battery cannot be fully discharged. Usually, the discharge capacity is about 70% to 80% of the capacity
of the battery. In this study, a 70% level of the battery capacity is assumed to be used.
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3.2 Geothermal Energy Balance
The energy balance between the ground water and the closed-loop water is tested using the following equation:
.

.

mGW  C pwater  TGW  mCL  C pwater  TCL

(4)

where
𝑘𝑔

𝑚̇𝐺𝑊 is the mass flow rate of ground water ( ),
𝑠

𝑘𝑔

𝑚̇𝐶𝐿 is the mass flow rate of closed-loop water ( ),
𝐶𝑝 𝑤𝑎𝑡𝑒𝑟 is the specific heat of water (

𝐽
𝑘𝑔∗𝐾

𝑠

),

ΔTGW is the temperature difference between the ground water inlet and outlet (K),
ΔTCL is the temperature difference between the water inlet and outlet of the heat pump (K).

3.3 Heat Pump Energy Balance
The total energy balance represents the system performance in either the cooling or heating mode. The total energy
balance is based on the energy consumption of the heat pump, the heat exchange-rate between the water-side and airside of the heat pump, and the cooling or heating rate of the heat pump. In this paper, all the tests are conducted for
the cooling mode. The following equation is used to calculate the cooling rate and check the total energy balance.

Pheat pump  qrej  qcooling  0

(5)

where
Pheat pump is the power input of the heat pump (W),
qrej is the heat rate rejected to the water-side of the heat pump (W),
qcooling is the cooling rate of the heat pump (W).
The energy consumption of the heat pump is monitored by the data acquisition system and energy exchanged between
the water-side and the air-side will be calculated using the measured data including temperatures and flow rates. The
actual cooling rate will be calculated using Equation (5).

3.4 The Coefficient of Performance (COP)
The COP is a dimensionless parameter which is used to measure the efficiency of the heat pump. It is calculated by
using the cooling rate divided by the power consumption. A higher value of COP reflects a higher efficiency of a heat
pump. In this paper, the COPs for both GSHP and the system are calculated using the following equations:

COPheat pump 
COPsystem 

qcooling
Pheat pump
qcooling

Pheat pump  Pwater pumps

(6)

(7)

where
qcooling is the cooling rate of the heat pump (W),
Pheat pump is the power input of the heat pump (W),
Pwater pump is the total power consumption of the water pumps in the system (W).

4. RESULT AND DISCUSSIONS
4.1 Solar Energy Collection/Power Generation
In this paper, a four-week long data between January 30th, 2016 to February 27th, 2016was collected and analyzed.
Figure 6 shows the solar energy collection/power generation results over the time in February. The area under the
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curve represents the collection of solar energy, high wave crest means relatively high solar power generation (W) and
vice versa. In addition, the fluctuation of the curve reflects the change of the available solar irradiance. According to
the plot, for some days, such as February 8 th and 9th, the highest charging power during the experiment period was
around 750 Watts. Meanwhile, for some days, such as February 15th and 22nd, the weather could be the possible reason
for a lower peak charging power of around 100 Watts.
Solar Power Generation
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Figure 6. Solar energy collection (in Watts) over the time in February.
In addition, a further analysis was conducted between the theoretical power generation and actual power generation
(as shown in Figure 7), the red solid line represents the theoretical power generation from the solar panels, and the
blue dot-dash line represents the actual values based on measurements using Equation (1). The theoretical results were
calculated using solar radiation heat flux from the on-site weather station and manufacturer’s specification
(SIEMENS, 2016) of the solar panels. According to the specification, when the cell temperature is 25.0˚C and the
solar irradiance is at 1000 W/m2 level, the power generation is 50 Watts for each panel. In this test, 16 panels were
used to charge the batteries. This means an 800 Watts charging power in total.
Solar Power Generation
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Figure 7. Comparison between the theoretical and actual power generation from the solar panel.
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The further analysis shows that the theoretical generated energy was about 297 MJ, while the actual measured
generated energy from the solar panels was 242 MJ. The percentage difference between the theoretical value and
actual measurement was about 18.6%. There are several reasons that could contribute such difference:
1. The actual location of the on-site weather station is higher than those solar panels, which means a solar panel
at the location of the weather station is able to collect more solar radiation compared with the actual solar
panels.
2. The actual charging rate depends on the state of charge (SOC) of the batteries. Full charging power was
applied only when the SOC was relative low, and with the increase of the SOC, the charging rate could be
reduced, which caused the sensors detect a low charging power. Meanwhile, the theoretical result was based
on the on-site weather station, and the applied algorithm assumed the batteries were charged with full power.
Therefore, the actual charged energy could be less than the theoretical value at the time when SOC was
relatively higher.
3. Some of solar panels were installed about 20 years ago, the degradation on the performance could be another
factor that may cause the actual reading is less than the theoretical result.

4.2 Charge and Discharge
There is a need to know the charge and discharge time of the batteries. Calculations of the charge and discharge time
were based on the assumptions listed in section 4.1.
From the measured data, the peak power generation from the solar panels was about 754 Watts. If all the batteries
were empty and the electricity generation from the solar panel was assumed to be at the peak value always, it would
take 12.7 hours for the batteries to be fully charged by using Equation (2). At the same time, the test also showed that
the heat pump energy consumption was about 600 Watts during the operation, which means the batteries could be
drained in about 9.5 hours if the heat pump kept running by only using power provided by the batteries. The experiment
was conducted in February with a relatively short daylight time and a low solar radiation level. If the same test was
done in the summer, the peak solar radiation flux and the solar panel power generation would be higher than the
current result, which leads to a higher charging power and a less charging time. Figure 8 shows the solar radiation flux
through the year of 2015, and there was about 25% more solar radiation in the summer than in February. By combining
the monthly plots together, it is easy to tell that the solar radiation peak appeared between May to September of the
year (as shown in Figure 9).

Figure 8. Monthly plots of solar radiation flux (W/m2).
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Annual Solar Radiation
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Figure 9. Annual solar radiation flux.

4.3 Heat Pump Energy Balance
In the cooling mode, the energy balance of the heat pump was maintained among the electric power consumption,
rejected energy and cooling rate. Since the heat pump power consumption was constant during the test, and the heat
rejection from the air-side to the water-side could be calculated by using measured temperatures and flow rate data.
The cooling rate of the heat pump was calculated to be 1,938 Watts using Equation (5). However, the manufacturer
specified the rated cooling rate of this heat pump is 2,638 Watts. The actual cooling rate is 73.5% of the rated value.
This difference might cause by the fact that the rated value was tested in the lab at the standard rating condition.
According to the standard rating condition under a cooling mode (AHRI 2009), the air temperatures entering indoor
portion of unit are 26.7˚C dry-bulb and 19.4˚C wet-bulb. Dry-bulb air temperatures surrounding the unit are 26.7˚C.
Refrigerant temperatures from the test water coil (liquid line) are 25.0˚C. However, for the actual operation in this
study, all these conditions are different. The test was tested at a different environment.
The COP was calculated using the actual cooling rate from the total energy balance calculation, and the power
consumption from the actual measurement. In the standard rating condition, the COP of the tested heat pump was 3.8
listed in the manufacturer catalog. By using Equation (6), the average COP of the heat pump was 3.23 during the test
period. For the system COP, more components need to be considered, which means the value of COP would become
lower compared with the COP of the heat pump itself only. In this test, the average COP of the system was 2.67 by
using Equation (7).

5. CONCLUSIONS AND FUTURE WORK
This paper introduces a preliminary study of a solar powered ground source heat pump (GSHP) test bench in a
laboratory. Actual sensor data collected from the system was used to do the feasibility analysis of the energy balance.
The preliminary data analysis showed that the solar panel system conditionally satisfied the demand from the heat
pump and other equipment. In addition, the heat pump energy balance showed that the performance of the geothermal
heat pump system was acceptable during the test.
Some future works are listed as follows:
1. The capacity of the battery banks will be extended, a larger battery capacity will offer relatively longer
operating time. Also, some synchronizing relays will be added which will help better control the well pump
and the circulation water pump. Currently, both the well pump and the water pump were kept running during
the test. The proposed synchronizing relays help control the running time of the water pump and well pump,
the pumps would work only when the heat pump is on demand.
2. The air flow meter will be added to measure the air flow rate, which allows to measure the cooling rate more
accurately.
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3.
4.

By considering the feasibility of the applications of the system, different types of heat pumps with different
refrigerant will be tested in the same system.
A dynamic model of this solar powered GSHP system will be developed and validated using the data
collected from this test rig. Such model will be used for model-based control of this system for a better
integration of buildings and the power grid.

NOMENCLATURE
P
V
I
t
C
η
𝑚̇

power generation
voltage
current
time
capacity
inverter efficiency
mass flow rate

(W)
(V)
(Amp)
(hour)
(Ah)
(%)
kg
( )

𝐶𝑝

specific heat

(

ΔT
q

temperature difference
energy transfer rate

(K)
(W)

Subscript
charge
discharge
battery
GW
CL
heat pump
rej
cooling
water
water pump

charge
discharge
battery
ground water
closed-loop water
heat pump
rejection
cooling
water
water pump

s

J

kg∗K

)

REFERENCES
AHRI (2009). 2005 Standard for Performance Rating of Direct GeoExchange Heat Pumps, ANSI/SHRI Standard 870.
Berardi, U. (2015). Building energy consumption in US, EU, and BRIC countries.
DOE (2012). 2011 Buildings Energy Data Book.
ENERGY STAR (2015). ENERGY STAR certified geothermal heat pumps. http://www.energystar.gov [Accessed: 27
December 2015].
Lewis, N. S. (2007). Toward cost-effective solar energy use. science,315(5813), 798-801.
SIEMENS (2016). Solar module SM50-H. Retrieved from http://www.a1solar.co.uk/sm50-h.pdf

ACKNOWLEDGEMENT
Part of this project is sponsored through ASHRAE undergraduate senior design project. Danfoss donated the well
pump. Supports from ASHRAE and Danfoss are greatly appreciated.

4th International High Performance Buildings Conference at Purdue, July 11-14, 2016

